Remarks on Branching-Extinction Evolutionary Cycles by Dercole, F.
Remarks on Branching-Extinction 
Evolutionary Cycles
Dercole, F.
IIASA Interim Report
December 2003
 
Dercole, F. (2003) Remarks on Branching-Extinction Evolutionary Cycles. IIASA Interim Report. IR-03-077 Copyright © 
2003 by the author(s). http://pure.iiasa.ac.at/7011/ 
Interim Report on work of the International Institute for Applied Systems Analysis receive only limited review. Views or 
opinions expressed herein do not necessarily represent those of the Institute, its National Member Organizations, or other 
organizations supporting the work. All rights reserved. Permission to make digital or hard copies of all or part of this work 
for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial 
advantage. All copies must bear this notice and the full citation on the first page. For other purposes, to republish, to post on 
servers or to redistribute to lists, permission must be sought by contacting repository@iiasa.ac.at 
International Institute for Tel: 43 2236 807 342
Applied Systems Analysis Fax: 43 2236 71313
Schlossplatz 1 E-mail: publications@iiasa.ac.at
A-2361 Laxenburg, Austria Web: www.iiasa.ac.at
Interim Report IR-03-077
Remarks on Branching-Extinction Evolutionary Cycles
Fabio Dercole (fabio.dercole@polimi.it)
Approved by
Ulf Dieckmann (dieckmann@iiasa.ac.at)
Project Leader, Adaptive Dynamics Network
December 2003
Interim Reports on work of the International Institute for Applied Systems Analysis receive only limited
review. Views or opinions expressed herein do not necessarily represent those of the Institute, its National
Member Organizations, or other organizations supporting the work.
IIASA STUDIES IN ADAPTIVE DYNAMICS NO. 75

The Adaptive Dynamics Network at IIASA fosters the develop-
ment of new mathematical and conceptual techniques for under-
standing the evolution of complex adaptive systems.
Focusing on these long-term implications of adaptive processes
in systems of limited growth, the Adaptive Dynamics Network
brings together scientists and institutions from around the world
with IIASA acting as the central node.
Scientific progress within the network is collected in the IIASA
Studies in Adaptive Dynamics series.
No. 1 Metz JAJ, Geritz SAH, Meszéna G, Jacobs FJA, van
Heerwaarden JS: Adaptive Dynamics: A Geometrical Study
of the Consequences of Nearly Faithful Reproduction. IIASA
Working Paper WP-95-099 (1995). van Strien SJ, Verduyn
Lunel SM (eds): Stochastic and Spatial Structures of Dynami-
cal Systems, Proceedings of the Royal Dutch Academy of Sci-
ence (KNAW Verhandelingen), North Holland, Amsterdam,
pp. 183-231 (1996).
No. 2 Dieckmann U, Law R: The Dynamical Theory of Co-
evolution: A Derivation from Stochastic Ecological Processes.
IIASA Working Paper WP-96-001 (1996). Journal of Mathe-
matical Biology 34:579-612 (1996).
No. 3 Dieckmann U, Marrow P, Law R: Evolutionary Cy-
cling of Predator-PreyInteractions: Population Dynamics and
the Red Queen. IIASA Preprint (1995). Journal of Theoreti-
cal Biology 176:91-102 (1995).
No. 4 Marrow P, Dieckmann U, Law R: Evolutionary Dy-
namics of Predator-Prey Systems: An Ecological Perspective.
IIASA Working Paper WP-96-002 (1996). Journal of Mathe-
matical Biology 34:556-578 (1996).
No. 5 Law R, Marrow P, Dieckmann U: On Evolution under
Asymmetric Competition. IIASA Working Paper WP-96-003
(1996). Evolutionary Ecology 11:485-501 (1997).
No. 6 Metz JAJ, Mylius SD, Diekmann O: When Does Evo-
lution Optimize? On the Relation Between Types of Density
Dependence and Evolutionarily Stable Life History Parame-
ters. IIASA Working Paper WP-96-004 (1996).
No. 7 Ferrière R, Gatto M: Lyapunov Exponents and the
Mathematics of Invasion in Oscillatory or Chaotic Popula-
tions. Theoretical Population Biology 48:126-171 (1995).
No. 8 Ferrière R, Fox GA: Chaos and Evolution. IIASA
Preprint (1996). Trends in Ecology and Evolution 10:480-
485 (1995).
No. 9 Ferrière R, Michod RE: The Evolution of Cooperation
in Spatially Heterogeneous Populations. IIASA Working Pa-
per WP-96-029 (1996). The American Naturalist 147:692-
717 (1996).
No. 10 van Dooren TJM, Metz JAJ: Delayed Maturation in
Temporally Structured Populations with Non-Equilibrium Dy-
namics. IIASA Working Paper WP-96-070 (1996). Journal
of Evolutionary Biology 11:41-62 (1998).
No. 11 Geritz SAH, Metz JAJ, Kisdi É, Meszéna G: The Dy-
namics of Adaptation and Evolutionary Branching. IIASA
Working Paper WP-96-077 (1996). Physical Review Letters
78:2024-2027 (1997).
No. 12 Geritz SAH, Kisdi É, Meszéna G, Metz JAJ: Evo-
lutionary Singular Strategies and the Adaptive Growth and
Branching of the Evolutionary Tree. IIASA Working Paper
WP-96-114 (1996). Evolutionary Ecology 12:35-57 (1998).
No. 13 Heino M, Metz JAJ, Kaitala V: Evolution of Mixed
Maturation Strategies in Semelparous Life-Histories: The
Crucial Role of Dimensionality of Feedback Environment.
IIASA Working Paper WP-96-126 (1996). Philosophi-
cal Transactions of the Royal Society of London Series B
352:1647-1655 (1997).
No. 14 Dieckmann U: Can Adaptive Dynamics Invade?
IIASA Working Paper WP-96-152 (1996). Trends in Ecol-
ogy and Evolution 12:128-131 (1997).
No. 15 Meszéna G, Czibula I, Geritz SAH: Adaptive Dynam-
ics in a 2-Patch Environment: A Simple Model for Allopatric
and Parapatric Speciation. IIASA Interim Report IR-97-001
(1997). Journal of Biological Systems 5:265-284 (1997).
No. 16 Heino M, Metz JAJ, Kaitala V: The Enigma of
Frequency-Dependent Selection. IIASA Interim Report IR-
97-061 (1997). Trends in Ecology and Evolution 13:367-370
(1998).
No. 17 Heino M: Management of Evolving Fish Stocks.
IIASA Interim Report IR-97-062 (1997). Canadian Journal
of Fisheries and Aquatic Sciences 55:1971-1982 (1998).
No. 18 Heino M: Evolution of Mixed Reproductive Strategies
in Simple Life-History Models. IIASA Interim Report IR-97-
063 (1997).
No. 19 Geritz SAH, van der Meijden E, Metz JAJ: Evolution-
ary Dynamics of Seed Size and Seedling Competitive Ability.
IIASA Interim Report IR-97-071 (1997). Theoretical Popu-
lation Biology 55:324-343 (1999).
No. 20 Galis F, Metz JAJ: Why Are There So Many Cichlid
Species? On the Interplay of Speciation and Adaptive Radi-
ation. IIASA Interim Report IR-97-072 (1997). Trends in
Ecology and Evolution 13:1-2 (1998).
No. 21 Boerlijst MC, Nowak MA, Sigmund K: Equal Pay
for all Prisoners/ The Logic of Contrition. IIASA Interim
Report IR-97-073 (1997). American Mathematical Society
Monthly 104:303-307 (1997). Journal of Theoretical Biology
185:281-293 (1997).
No. 22 Law R, Dieckmann U: Symbiosis Without Mutualism
and the Merger of Lineages in Evolution. IIASA Interim Re-
port IR-97-074 (1997). Proceedings of the Royal Society of
London Series B 265:1245-1253 (1998).
No. 23 Klinkhamer PGL, de Jong TJ, Metz JAJ: Sex and Size
in Cosexual Plants. IIASA Interim Report IR-97-078 (1997).
Trends in Ecology and Evolution 12:260-265 (1997).
No. 24 Fontana W, Schuster P: Shaping Space: The Possi-
ble and the Attainable in RNA Genotype-Phenotype Mapping.
IIASA Interim Report IR-98-004 (1998). Journal of Theoret-
ical Biology 194:491-515 (1998).
No. 25 Kisdi É, Geritz SAH: Adaptive Dynamics in Allele
Space: Evolution of Genetic Polymorphism by Small Muta-
tions in a HeterogeneousEnvironment. IIASA Interim Report
IR-98-038 (1998). Evolution 53:993-1008 (1999).
No. 26 Fontana W, Schuster P: Continuity in Evolution: On
the Nature of Transitions. IIASA Interim Report IR-98-039
(1998). Science 280:1451-1455 (1998).
No. 27 Nowak MA, Sigmund K: Evolution of Indirect Reci-
procity by Image Scoring/ The Dynamics of Indirect Reci-
procity. IIASA Interim Report IR-98-040 (1998). Nature
393:573-577 (1998). Journal of Theoretical Biology 194:561-
574 (1998).
No. 28 Kisdi É: Evolutionary Branching Under Asymmetric
Competition. IIASA Interim Report IR-98-045 (1998). Jour-
nal of Theoretical Biology 197:149-162 (1999).
No. 29 Berger U: Best Response Adaptation for Role Games.
IIASA Interim Report IR-98-086 (1998).
No. 30 van Dooren TJM: The Evolutionary Ecology of
Dominance-Recessivity. IIASA Interim Report IR-98-096
(1998). Journal of Theoretical Biology 198:519-532 (1999).
No. 31 Dieckmann U, O’Hara B, Weisser W: The Evolution-
ary Ecology of Dispersal. IIASA Interim Report IR-98-108
(1998). Trends in Ecology and Evolution 14:88-90 (1999).
No. 32 Sigmund K: Complex Adaptive Systems and the Evo-
lution of Reciprocation. IIASA Interim Report IR-98-100
(1998). Ecosystems 1:444-448 (1998).
No. 33 Posch M, Pichler A, Sigmund K: The Efficiency of
Adapting Aspiration Levels. IIASA Interim Report IR-98-
103 (1998). Proceedings of the Royal Society London Series
B 266:1427-1435 (1999).
No. 34 Mathias A, Kisdi É: Evolutionary Branching and Co-
existence of Germination Strategies. IIASA Interim Report
IR-99-014 (1999).
No. 35 Dieckmann U, Doebeli M: On the Origin of Species
by Sympatric Speciation. IIASA Interim Report IR-99-013
(1999). Nature 400:354-357 (1999).
No. 36 Metz JAJ, Gyllenberg M: How Should We Define Fit-
ness in Structured Metapopulation Models? Including an Ap-
plication to the Calculation of Evolutionarily Stable Dispersal
Strategies. IIASA Interim Report IR-99-019 (1999). Pro-
ceedings of the Royal Society of London Series B 268:499-
508 (2001).
No. 37 Gyllenberg M, Metz JAJ: On Fitness in Structured
Metapopulations. IIASA Interim Report IR-99-037 (1999).
Journal of Mathematical Biology 43:545-560 (2001).
No. 38 Meszéna G, Metz JAJ: Species Diversity and Popula-
tion Regulation: The Importance of Environmental Feedback
Dimensionality. IIASA Interim Report IR-99-045 (1999).
No. 39 Kisdi É, Geritz SAH: Evolutionary Branching and
Sympatric Speciation in Diploid Populations. IIASA Interim
Report IR-99-048 (1999).
No. 40 Ylikarjula J, Heino M, Dieckmann U: Ecology and
Adaptation of Stunted Growth in Fish. IIASA Interim Report
IR-99-050 (1999). Evolutionary Ecology 13:433-453 (1999).
No. 41 Nowak MA, Sigmund K: Games on Grids. IIASA
Interim Report IR-99-038 (1999). Dieckmann U, Law R,
Metz JAJ (eds): The Geometry of Ecological Interactions:
Simplifying Spatial Complexity, Cambridge University Press,
Cambridge, UK, pp. 135-150 (2000).
No. 42 Ferrière R, Michod RE: Wave Patterns in Spatial
Games and the Evolution of Cooperation. IIASA Interim
Report IR-99-041 (1999). Dieckmann U, Law R, Metz JAJ
(eds): The Geometry of Ecological Interactions: Simplifying
Spatial Complexity, Cambridge University Press, Cambridge,
UK, pp. 318-332 (2000).
No. 43 Kisdi É, Jacobs FJA, Geritz SAH: Red Queen Evo-
lution by Cycles of Evolutionary Branching and Extinction.
IIASA Interim Report IR-00-030 (2000). Selection 2:161-
176 (2001).
No. 44 Meszéna G, Kisdi É, Dieckmann U, Geritz SAH, Metz
JAJ: Evolutionary Optimisation Models and Matrix Games in
the Unified Perspectiveof Adaptive Dynamics. IIASA Interim
Report IR-00-039 (2000). Selection 2:193-210 (2001).
No. 45 Parvinen K, Dieckmann U, Gyllenberg M, Metz JAJ:
Evolution of Dispersal in Metapopulations with Local Density
Dependence and Demographic Stochasticity. IIASA Interim
Report IR-00-035 (2000).
No. 46 Doebeli M, Dieckmann U: Evolutionary Branch-
ing and Sympatric Speciation Caused by Different Types of
Ecological Interactions. IIASA Interim Report IR-00-040
(2000). The American Naturalist 156:S77-S101 (2000).
No. 47 Heino M, Hanski I: Evolution of Migration Rate in
a Spatially Realistic Metapopulation Model. IIASA Interim
Report IR-00-044 (2000). The American Naturalist 157:495-
511 (2001).
No. 48 Gyllenberg M, Parvinen K, Dieckmann U: Evolution-
ary Suicide and Evolution of Dispersal in Structured Metapop-
ulations. IIASA Interim Report IR-00-056 (2000). Journal
of Mathematical Biology 45:79-105 (2002).
No. 49 van Dooren TJM: The Evolutionary Dynamics of Di-
rect Phenotypic Overdominance: Emergence Possible, Loss
Probable. IIASA Interim Report IR-00-048 (2000). Evolu-
tion 54: 1899-1914 (2000).
No. 50 Nowak MA, Page KM, Sigmund K: Fairness Versus
Reason in the Ultimatum Game. IIASA Interim Report IR-
00-57 (2000). Science 289:1773-1775 (2000).
No. 51 de Feo O, Ferrière R: Bifurcation Analysis of Pop-
ulation Invasion: On-Off Intermittency and Basin Riddling.
IIASA Interim Report IR-00-074 (2000). International Jour-
nal of Bifurcation and Chaos 10:443-452 (2000).
No. 52 Heino M, Laaka-Lindberg S: Clonal Dynamics and
Evolution of Dormancy in the Leafy Hepatic Lophozia Sil-
vicola. IIASA Interim Report IR-01-018 (2001). Oikos
94:525-532 (2001).
No. 53 Sigmund K, Hauert C, Nowak MA: Reward and Pun-
ishment in Minigames. IIASA Interim Report IR-01-031
(2001). Proceedings of the National Academy of Sciences
of the USA 98:10757-10762 (2001).
No. 54 Hauert C, De Monte S, Sigmund K, Hofbauer J: Os-
cillations in Optional Public Good Games. IIASA Interim
Report IR-01-036 (2001).
No. 55 Ferrière R, Le Galliard J: Invasion Fitness and Adap-
tive Dynamics in Spatial Population Models. IIASA Interim
Report IR-01-043 (2001). Clobert J, Dhondt A, Danchin E,
Nichols J (eds): Dispersal, Oxford University Press, pp. 57-79
(2001).
No. 56 de Mazancourt C, Loreau M, Dieckmann U: Can the
Evolution of Plant Defense Lead to Plant-Herbivore Mutual-
ism. IIASA Interim Report IR-01-053 (2001). The American
Naturalist 158: 109-123 (2001).
No. 57 Claessen D, Dieckmann U: Ontogenetic Niche Shifts
and Evolutionary Branching in Size-Structured Populations.
IIASA Interim Report IR-01-056 (2001). Evolutionary Ecol-
ogy Research 4:189-217 (2002).
No. 58 Brandt H: Correlation Analysis of Fitness Land-
scapes. IIASA Interim Report IR-01-058 (2001).
No. 59 Dieckmann U: Adaptive Dynamics of Pathogen-Host
Interacations. IIASA Interim Report IR-02-007 (2002).
Dieckmann U, Metz JAJ, Sabelis MW, Sigmund K (eds):
Adaptive Dynamics of Infectious Diseases: In Pursuit of Viru-
lence Management, Cambridge University Press, Cambridge,
UK, pp. 39-59 (2002).
No. 60 Nowak MA, Sigmund K: Super- and Coinfection:
The Two Extremes. IIASA Interim Report IR-02-008 (2002).
Dieckmann U, Metz JAJ, Sabelis MW, Sigmund K (eds):
Adaptive Dynamics of Infectious Diseases: In Pursuit of Viru-
lence Management, Cambridge University Press, Cambridge,
UK, pp. 124-137 (2002).
No. 61 Sabelis MW, Metz JAJ: Perspectives for Virulence
Management: Relating Theory to Experiment. IIASA Interim
Report IR-02-009 (2002). Dieckmann U, Metz JAJ, Sabelis
MW, Sigmund K (eds): Adaptive Dynamics of Infectious Dis-
eases: In Pursuit of Virulence Management, Cambridge Uni-
versity Press, Cambridge, UK, pp. 379-398 (2002).
No. 62 Cheptou P, Dieckmann U: The Evolution of Self-
Fertilization in Density-Regulated Populations . IIASA In-
terim Report IR-02-024 (2002). Proceedings of the Royal
Society of London Series B 269:1177-1186 (2002).
No. 63 Bürger R: Additive Genetic Variation Under Intraspe-
cific Competition and Stabilizing Selection: A Two-Locus
Study. IIASA Interim Report IR-02-013 (2002). Theoret-
ical Population Biology 61:197-213 (2002).
No. 64 Hauert C, De Monte S, Hofbauer J, Sigmund K: Vol-
unteering as Red Queen Mechanism for Co-operation in Pub-
lic Goods Games. IIASA Interim Report IR-02-041 (2002).
Science 296:1129-1132 (2002).
No. 65 Dercole F, Ferrière R, Rinaldi S: Ecological Bistabil-
ity and Evolutionary Reversals under Asymmetrical Competi-
tion. IIASA Interim Report IR-02-053 (2002). Evolution
56:1081-1090 (2002).
No. 66 Dercole F, Rinaldi S: Evolution of Cannibalistic
Traits: Scenarios Derived from Adaptive Dynamics. IIASA
Interim Report IR-02-054 (2002). Theoretical Population Bi-
ology 62:365-374 (2002).
No. 67 Bürger R, Gimelfarb A: Fluctuating Environments
and the Role of Mutation in Maintaining Quantitative Genetic
Variation. IIASA Interim Report IR-02-058 (2002). Geneti-
cal Research 80:31-46 (2002).
No. 68 Bürger R: On a Genetic Model of Intraspecific Com-
petition and Stabilizing Selection. IIASA Interim Report IR-
02-062 (2002). Amer. Natur. 160:661-682 (2002).
No. 69 Doebeli M, Dieckmann U: Speciation Along Environ-
mental Gradients. IIASA Interim Report IR-02-079 (2002).
Nature 421:259-264 (2003).
No. 70 Dercole F, Irisson J, Rinaldi S: Bifurcation Analysis of
a Prey-Predator Coevolution Model. IIASA Interim Report
IR-02-078 (2002).
No. 71 Le Galliard J, Ferrière R, Dieckmann U: The Adaptive
Dynamics of Altruism in Spatially HeterogeneousPopulations.
IIASA Interim Report IR-03-006 (2003).
No. 72 Taborsky B, Dieckmann U, Heino M: Unex-
pected Discontinuities in Life-History Evolution Under Size-
Dependent Mortality. IIASA Interim Report IR-03-004
(2003).
No. 73 Gardmark A, Dieckmann U, Lundberg P: Life-
History Evolution in Harvested Populations: The Role of Nat-
ural Predation. IIASA Interim Report IR-03-008 (2003).
No. 74 Mizera F, Meszena G: Spatial Niche Packing, Char-
acter Displacement and Adaptive Speciation Along an En-
vironmental Gradient. IIASA Interim Report IR-03-062
(2003). Evolutionary Ecology Research 5:363-382 (2003).
No. 75 Dercole F: Remarks on Branching-Extinction Evolu-
tionary Cycles. IIASA Interim Report IR-03-077 (2003).
Journal of Mathematical Biology 47:569-580 (2003).
Issues of the IIASA Studies in Adaptive Dynamics series can be obtained at www.iiasa.ac.at/Research/ADN/Series.html or by
writing to adn@iiasa.ac.at.
Contents
1 Introduction 1
2 The model 2
2.1 Ecological model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Evolutionary model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
3 The branching-extinction evolutionary cycle 6
4 Discussion and conclusions 6
Abstract
We show in this paper that the evolution of cannibalistic consumer populations can be a never end-
ing story involving alternating levels of polymorphism. More precisely, we show that a monomor-
phic population can evolve toward high levels of cannibalism until it reaches a so-called branching
point, where the population splits into two sub-populations characterized by different, but initially
very close, cannibalistic traits. Then, the two traits coevolve until the more cannibalistic sub-
population undergoes evolutionary extinction. Finally, the remaining population evolves back to
the branching point, thus closing an evolutionary cycle. The model on which the study is based is
purely deterministic and derived through the adaptive dynamics approach. Evolutionary dynamics
are investigated through numerical bifurcation analysis, applied both to the ecological (resident-
mutant) model and to the evolutionary model. The general conclusion emerging from this study is
that branching-extinction evolutionary cycles can be present in wide ranges of environmental and
demographic parameters, so that their detection is of crucial importance when studying evolution-
ary dynamics.
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Remarks on Branching-Extinction Evolutionary Cycles
Fabio Dercole
1 Introduction
Red Queen dynamics are evolutionary dynamics that do not converge to an equilibrium (Van Valen,
1973, see also Rosenzweig and Schaffer, 1978, Stenseth and Maynard Smith, 1984, Futuyma,
1986 and Rosenzweig et al., 1987). The name was inspired by the book “Through the Looking-
Glass and What Alice Found There” (Carroll, 1871), where the Red Queen says: “Now, here,
you see, it takes all the running you can do, to keep in the same place.” As remarked by the
Red Queen, the most intriguing case of Red Queen dynamics is that of evolutionary cycles, where
natural selection keep (periodically) the system in the same evolutionary state. This is in contrast
with the (wrong) idea that an evolutionary change always implies some sort of improvement.
Evolutionary cycles have captured the attention of theoretical ecologists and geneticists in the
last decades (see e.g. Abrams, 1992; Marrow et al., 1992; Dieckmann et al., 1995; Iwasa and
Pomiankowski, 1995, 1999; Marrow et al., 1996; Abrams and Matsuda, 1997; Gavrilets, 1997;
Dercole et al., 2003). In all the above cited works, the adaptive traits vary cyclically while the
population densities track the equilibrium corresponding to the current trait values. Other kinds
of evolutionary cycles involve populations which are not at equilibrium at ecological timescale (at
least during part of the evolutionary cycle) (Khibnik and Kondrashov, 1997; Dercole et al., 2002b),
or switch between different attractors begetting evolutionary reversals (Khibnik and Kondrashov,
1997; Doebeli and Ruxton, 1997; Dercole et al., 2002a). Finally, there is also the possibility of
evolutionary cycles due to alternating levels of polymorphism. Such cycles, called branching-
extinction evolutionary cycles, are characterized by recurrent evolutionary branching and extinc-
tion, which periodically add and remove a population (or morphs) to and from the system.
At a branching point (Metz et al., 1996; Geritz et al., 1997, 1998) one of the resident popula-
tions, characterized by a particular trait value, coexists with a population of mutants characterized
by a slightly different trait value. Moreover, the two initially similar traits are under opposite selec-
tion pressures, so that the mutant population becomes a new resident population and the number
of coevolving traits increases. At evolutionary extinction (Matsuda and Abrams, 1994; Ferrie`re,
2000) the trait of a population reaches a critical value at which the corresponding equilibrium den-
sity vanishes or catastrophically collapses to zero, thus reducing the number of coevolving traits.
Therefore, in the simplest branching-extinction evolutionary cycle the evolutionary dynamics of
a monomorphic population are characterized by a globally stable branching point and the dimor-
phic evolutionary trajectories originating close to the branching point end with the evolutionary
extinction of one of the two sub-populations.
Branching-extinction evolutionary cycles have been observed in several models (Van der Laan
and Hogeweg, 1995; Doebeli and Ruxton, 1997; Koella and Doebeli, 1999; Doebeli and Dieck-
mann, 2000) through stochastic simulations. However, from a stochastic simulation it is hard to say
if extinction is produced by demographic stochasticity, when the population density is relatively
small, or by the deterministic mechanism of evolutionary extinction described above. Only Kisdi
et al. (2001) presented an example of branching-extinction evolutionary cycle where extinction
occurs deterministically. Such an example is based on a Lotka-Volterra population competition
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model (Lotka, 1920; Volterra, 1926). As is well known, these models are rather degenerate both
biologically (the per capita growth rates are unbounded) and mathematically (their bifurcations are
non-generic (Kuznetsov, 1998)). Moreover, the particular model analyzed in Kisdi et al. (2001)
uses a very peculiar dependence of the competition coefficients upon the traits. Such a depen-
dence, which is hardly defendable biologically, seems to be adopted simply in view of obtaining a
branching-extinction cycle. Finally, mathematically speaking, the long-term evolutionary behav-
ior of the model is not captured by a true cycle. In fact, the dimorphic trajectories originating close
to the branching point converge to a point in trait space where both sub-populations go extinct,
thus virtually determining the halt of evolutionary dynamics. However, stochastically, one sub-
population goes extinct first. Then, the remaining (very scarce) monomorphic population evolves
back to the branching point. Of course, which sub-population goes extinct first is a matter of
chance and, depending upon this random event, different monomorphic transients lead back to the
branching point. Thus, a stochastic simulation would show long-term evolutionary dynamics in
which two different periods (from the branching point back to it) alternate randomly.
In this paper we present the first fully deterministic example of branching-extinction evolution-
ary cycle, using the model for the evolution of cannibalistic traits in consumer populations recently
described in Dercole and Rinaldi (2002). We show that any monomorphic population converges to
an intermediate level of cannibalism where it branches into two sub-populations. Then, assuming
that body size of adult individuals and cannibalism are positively correlated (as it is often the case
(Fox, 1975; Polis, 1981, 1988)), we show that during the dimorphic evolutionary phase the two
sub-populations evolve into a weakly cannibalistic dwarf population and a highly cannibalistic gi-
ant population, until the giant population undergoes an evolutionary extinction. The key point of
our result is that the giant population density does not vanish gradually at evolutionary timescale,
but rather collapses suddenly (Gyllenberg and Parvinen, 2001). Such a discontinuous extinction
event reverses the selection pressure on the dwarf population, which then begins to enhance its
cannibalistic attitude.
As in Kisdi et al. (2001), we follow the approach of adaptive dynamics theory developed by
Metz et al. (1996); Geritz et al. (1997, 1998). This approach is based on the assumption that
small and rare random mutations are followed by natural selection and allows one to describe
the dynamics of the traits in a purely deterministic way, through an ODE called the canonical
equation (Dieckmann and Law, 1996; Champagnat et al., 2001), which is capable of explaining
evolutionary branching and extinction.
The paper is organized as follows. In the next section we sketch the derivation of the monomor-
phic and dimorphic canonical equations. In the third section we derive the branching-extinction
evolutionary cycle for a particular parameter setting. A discussion of the mechanisms necessary
for this kind of evolutionary cycles to exists and some comments on the robustness of the results
close the paper.
2 The model
Assume that a cannibalistic consumer population is characterized by a positive phenotypic trait
from now on called cannibalism, indicated by x and positively correlated with the size of adult
individuals. This assumption is not necessary for our result but it facilitates its interpretation. In
fact, x can be simply identified with a suitable measure of adult body size (like length or weight,
but see e.g. Mittelbach and Persson (1998) for other examples in cannibalistic fish populations), so
that the coexistence of two sub-populations, one with low and one with high cannibalism, should
be revealed by the presence of dwarfs and giants in the same environment.
The derivation of the canonical equation of adaptive dynamics requires three things: (i) the
knowledge of the interactions occurring at ecological time scale between all sub-populations; (ii)
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the dependence of the demographic parameters of the sub-populations upon the traits; (iii) the
frequency and distribution of the mutations. All this is specified in the next two sub-sections.
2.1 Ecological model
The interactions betweenN cannibalistic consumer sub-populations with biomass densities ni and
traits xi, i = 1, . . . , N , are described by the following ODE:
n˙i = nifi(n, x) (1a)
where
fi(n, x) =


N∑
j=0
eij aij nj
1 +
N∑
j=0
hij aij nj
−
N∑
j=1
aji nj
1 +
N∑
k=0
hjk ajk nk
−
N∑
j=1
cij nj


(1b)
n = (n1, . . . , nN), x = (x1, . . . , xN), n0 is the density of a common resource, aij and hij are
the attack rate and the handling time of the i-th sub-population associated with the food source of
type j, eij is a conversion factor transforming food intake of type j into new biomass of type i and
cij specifies the extra-mortality due to competition.
The parameters n0, eij and cij are assumed to be constant, while the attack rates aij and the
handling times hij depend upon the traits as follows:
ai0 =
2Ai0(
xi
x0
)α
+
(
x0
xi
)α (2a)
aij = Aij


2(
p xi
xj
)β
+
(
xj
p xi
)β


(
xγi
¯
xγ + xγi
)(
1−
xδi
x¯δ + xδi
)
(2b)
hij = w1 x
−w2
i (2c)
where Aij is the maximum attack rate, x0 is the trait value at which a population is best adapted to
the common resource (see eq. (2a)) and α > 1, β > 1, γ > 1, δ > 1, p < 1,
¯
x, x¯, w1 and w2 are
suitable positive parameters which specify the shape of the functions (2) (see Dercole and Rinaldi,
2002, for a more detailed description). In particular, the cannibalistic attack rate aij is higher when
the body size of the victim is in a suitable ratio with that of the predator, i.e. when xj = p xi, p < 1
(see eq. (2b)). Moreover, small values of β imply high values of the cannibalistic attack rate aii
(see eq. (2b) with xi = xj), i.e. great possibilities for individuals of trait xi to predate individuals
of the same trait. In the real world such a population would be characterized by a substantial
change in size from juvenile to adult, so that adult individuals can easily predate young ones (Polis,
1981, 1988). However, an explicit description of the age/size distribution, which naturally calls
for relatively complex age/size structured models (see e.g. Bosch van den et al., 1988; Diekmann
et al., 1986; Metz and Diekmann, 1986a,b,c; Briggs et al., 2000; Claessen et al., 2000), poses
some problems in the derivation of the canonical equation of adaptive dynamics. In fact, as we
shall see in Section 2.2, the canonical equation captures the evolutionary dynamics under the
assumptions that an invading mutant generically substitutes its former resident. Unfortunately, as
far as we know, this property is not yet proved for structured population models. Moreover, for
such models, the canonical equation can hardly be determined in closed form. For these reasons,
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our choice has been to hide the size-structure of the population, thus describing each population
with a first order ODE (see eq. (1)) where the parameter (1/β) is a sort of surrogate for the size
range of the individuals in the population. As discussed above, (1/β) gives an indication of the
level of intra-trait cannibalism, which is enhanced by factors such as, among others, the size range
in the population.
2.2 Evolutionary model
We now use model (1, 2) with N = 2 and 3 to derive the monomorphic and dimorphic evolution-
ary models. The first (N − 1) populations are considered to be the resident populations while the
last population is considered to be the mutant population. Consistently with the adaptive dynamics
approach, we assume that mutations are rare events, so that the resident populations are at equi-
librium when a mutation occurs and are never challenged by more than one mutation at a time.
Moreover, we also assume that the trait xN of the mutant is only slightly different from one of the
resident traits, say xi (i.e. xN = xi+ ǫ, with ǫ small) and that the mutant population density nN is
initially very small. Under the above conditions, model (1, 2) can be used to establish the fate of
the mutant and resident populations. Generically, an invading mutant replaces the former resident
(see Dercole, 2002, for detailed conditions and proofs) so that, in the end, the system is composed
of new set of (N − 1) resident populations with i-th trait given by xi + ǫ. In the opposite case,
i.e. when the mutant population does not invade, it goes extinct so that the traits of the resident
populations remain unchanged. This process of mutation and selection can be further specified
by making suitable assumptions on the frequency and distribution of small mutations (Dieckmann
and Law, 1996; Champagnat et al., 2001). The conclusion for N = 2 is that the rate at which
the trait x1 varies at evolutionary time scale is given by the following monomorphic canonical
equation:
x˙1 = k n¯1(x1)
∂f¯2(x1, x2)
∂x2
|x2=x1 (3)
where k is proportional to the frequency and variance of small mutations, n¯1(x1) is the resident
population equilibrium density in the absence of mutants (see Dercole and Rinaldi, 2002, for a
proof of existence and uniqueness) and f¯2(x1, x2) is the fitness of the mutant, i.e.
f¯2(x1, x2) = f2(n¯1(x1), 0, x1, x2) (4)
Geritz et al. (1997, 1998) showed that a stable monomorphic equilibrium x¯1 is a branching
point if
∂2f¯2(x¯1, x2)
∂x2
2
|x2=x¯1 > 0 (5)
At a branching point a mutant population invades but does not replace the former resident, thus it
becomes a new resident itself. Moreover, the two initially very similar traits x1 and x2 differentiate
in accordance with the dimorphic canonical equation (see the forthcoming eq. (6)).
The numerical bifurcation analysis (Kuznetsov, 1998; Doedel et al., 1997; Kuznetsov and
Levitin, 1997) of model (3, 4) carried out in Dercole and Rinaldi (2002) reveals that a globally
stable branching point x¯1 characterizes the monomorphic dynamics of a population with wide size
range living in a rich environment (i.e. for sufficiently high values of the parameters 1/β and n0).
Thus, for such a population, we now focus on the dimorphic evolutionary dynamics, namely the
evolution of the cannibalistic traits x1 and x2 of two coexisting sub-populations with densities n1
and n2.
As explained in Dercole and Rinaldi (2002), the study of dimorphic evolutionary dynamics
must be limited to the coexistence region, which is the region of all pairs (x1, x2) for which
model (1, 2), for N = 2, has a stable and strictly positive equilibrium. Such a region can be
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Figure 1: Bifurcation diagram of model (1, 2) (N = 2) with respect to cannibalistic traits x1
and x2. Upper triangle: bifurcation curves and regions I-IV (squares indicate codimension-2
bifurcation points). Lower triangle: state portraits of model (1, 2) (N = 2) for each region I-IV
(circles indicate equilibria). Parameter values: n0 = 500, β = 1.9, Ai0 = 1, Aij = 10, x0 = 0.1,
x = 0.5 x¯ = 5, p = 0.2, α = 2, γ = 8, δ = 2, c = 1, e = 0.6, w1 = 0.1, w2 = 0.25, i, j = 1, 2.
Region III has been horizontally stretched for purpose of illustration.
computed by performing the bifurcation analysis of model (1, 2) (N = 2) with respect to the
traits x1 and x2 interpreted as constant parameters. Since the trajectories in the space (x1, x2) are
symmetric with respect to the diagonal x2 = x1, we limit the analysis to the region x1 < x2 and
call populations 1 and 2 dwarf and giant populations, respectively. An example of this bifurca-
tion analysis is shown in Fig. 1, where the upper part reports all bifurcation curves which identify
four regions (I-IV), while the lower part reports the corresponding state portraits of model (1, 2)
(N = 2). Since only in the state portraits III and IV there is a stable and strictly positive equilib-
rium, the region of coexistence is the union of regions III and IV. Point B on the diagonal x2 = x1
corresponds to the monomorphic branching point, i.e. B ≡ (x¯1, x¯1). The nature of a bifurca-
tion curve separating two nearby regions can be understood by comparing the two corresponding
state portraits. For example, the bifurcation curve separating region II from region IV is charac-
terized (see state portraits II and IV) by the collision of a stable and strictly positive node with
a saddle on the n1-axis (so-called transcritical bifurcation). Thus, if a dimorphic trajectory in
region IV moves toward this bifurcation curve, the giant population density vanishes and the giant
population eventually goes extinct when the dimorphic trajectory hits the curve. By contrast, the
bifurcation curve separating region II from region III is characterized (see state portraits II and III)
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by the collision of a stable and strictly positive node with a strictly positive saddle (so-called fold
bifurcation). Thus, if a dimorphic trajectory in region III moves toward this bifurcation curve, the
giant population density does not vanish, but catastrophically collapses (at ecological timescale)
as soon as the dimorphic trajectory crosses the curve.
Let now N = 3 and denote by n¯1(x1, x2) and n¯2(x1, x2) the densities of the stable and
strictly positive equilibrium of model (1, 2) (N = 2) in the region of coexistence. The dimorphic
canonical equation reads:
x˙1 = k1 n¯1(x1, x2)
∂f¯3(x1, x2, x3)
∂x3
|x3=x1
x˙2 = k2 n¯2(x1, x2)
∂f¯3(x1, x2, x3)
∂x3
|x3=x2
(6)
where k1 and k2 are proportional to the frequency and variance of small mutations in the two
resident populations and f¯3(x1, x2, x3) is the fitness of the mutant, i.e.
f¯3(x1, x2, x3) = f3(n¯1(x1, x2), n¯2(x1, x2), 0, x1, x2, x3) (7)
3 The branching-extinction evolutionary cycle
The dimorphic evolutionary dynamics defined by model (6, 7) within the coexistence region shown
in Fig. 1 are sketched in Fig. 2. The coexistence region is partitioned in white, light gray and dark
gray sub-regions. Trajectories starting in the white region tend toward a dimorphic equilibrium
D (which can be either a branching point or not, see Geritz et al. (1998) or Dercole (2002) for
the specific conditions). Trajectories starting in the light gray region hit the boundary of the
coexistence region where a catastrophic evolutionary extinction occurs, namely between points
C1 and C2 (see Fig. 1). Notice that points C1 and C2 are equilibria of equation (6, 7). In fact,
n¯2(x1, x2) = 0 (i.e. x˙2 = 0, see the second equation of model (6)) at such points and x˙1 has
opposite sign at opposite sides of C1 and C2 along the boundary of the coexistence region. Thus,
a so-called x1-nullcline (i.e. a curve in the (x1, x2) trait space where x˙1 = 0) passes through
points C1 and C2. Finally, dark gray regions are those in which the giant [dwarf] population
density smoothly vanishes when the evolutionary trajectory approaches the extinction boundary
separating region II [I] from region IV (see Fig. 1).
Since the branching point B, where dimorphism originates, lies on the boundary of the light
gray region the long-term evolutionary attractor of models (3, 4) and (6, 7) is the branching-
extinction evolutionary cycle represented by the thick trajectory in Fig. 2. In words, when dwarf
and giant traits become sufficiently different, the giant population is not capable of sustaining itself
by harvesting on the dwarf population and is driven extinct by natural selection (see point X∗ ≡
(x∗
1
, x∗
2
) in Fig. 2). After that (i.e. after the sudden transition from X∗ to X∗∗ in Fig. 2) the dwarf
population evolves back to the branching point B, starting with a trait x1 = x∗1, in accordance
with the monomorphic canonical equation (3, 4). Thus, starting from any ancestral monomorphic
condition the final outcome of evolution is the branching-extinction evolutionary cycle of Fig. 2,
characterized by two distinct evolutionary phases: a monomorphic evolution toward the branching
point (from X∗∗ to B) and a dimorphic evolution marked by the temporary presence of a highly
cannibalistic population of giants (from B to X∗).
4 Discussion and conclusions
An evolutionary cycle characterized by alternating levels of polymorphism has been shown to be
the evolutionary attractor of cannibalistic consumer populations with wide size range living in rich
6
0.1 1 10
0.1
1
10
cannibalistic trait, x1
c
a
n
n
ib
a
li
st
ic
tr
a
it
,
x
2
B
D
C2
C1
X∗∗
X∗
Figure 2: Dimorphic evolutionary dynamics (circles indicate dimorphic equilibria) and the
branching-extinction evolutionary cycle (thick trajectory). Parameter values as in Fig. 1 (k1 = k2).
environments. The deterministic mechanisms that lead to such evolutionary cycles have been first
addressed by Kisdi et al. (2001) and require the following three properties: (i) the monomorphic
population has an evolutionary branching point where it becomes dimorphic; (ii) the dimorphic
evolution originating at the branching point leads to the evolutionary extinction of one of the two
morphs, say morph 2; (iii) the post-extinction monomorphic population (i.e. morph 1) is in the
basin of attraction of the branching point.
Condition (iii) implies that the direction of evolution of trait 1 reverses during the transi-
tion from dimorphism to monomorphism. This is not possible if the evolutionary extinction
occurs through a transcritical bifurcation of the dimorphic population equilibrium (n¯1(x1, x2),
n¯2(x1, x2)). In fact, in such a case, the population density n¯2(x1, x2) vanishes when approaching
the bifurcation curve, so that only population 1 is present. This implies, by continuity, that x˙1
cannot have different values just before and after the bifurcation.
Thus, the key point of our result is that the evolutionary extinction of the giant population
occurs through a fold bifurcation, which, being catastrophic, allows the evolutionary reversal of
the dwarf population. More precisely, just before the bifurcation, x˙1 is negative and given by
equation (6) evaluated at point X∗ (see Fig. 2), where n¯2(x1, x2) is strictly positive (and equal to
the limit of n¯2(x1, x2) along the evolutionary trajectory approaching X∗). By contrast, when the
evolutionary trajectory crosses the bifurcation curve, the giant population suddenly collapses (i.e.
n¯2(x1, x2) converges to zero at ecological timescale, see state portraits II and III in Fig. 1) and x˙1
is positive and given by equation (3) evaluated at pointX∗∗.
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Kisdi et al. (2001) have considered a Lotka-Volterra ecological model in which only transcrit-
ical bifurcations are possible. Thus, in order to reverse the selection pressure on the remaining
population they have been forced to consider a quite peculiar situation in which the evolutionary
extinction of both sub-populations occurs simultaneously. This is why in their case the dimor-
phic evolutionary trajectories converge to a codimension-2 bifurcation point, namely the point of
intersection of two transcritical bifurcation curves.
In closing this paper we like to comment on the robustness of the result. In principle, a com-
plete bifurcation analysis of models (3, 4) and (6, 7) with respect to all couples of strategic pa-
rameters (like the environmental richness (n0) and the size range (1/β)) would answer all possible
questions concerning the robustness of our conclusions. In particular, a complete bifurcation anal-
ysis would allow us to determine all possible qualitative evolutionary scenarios and the regions
in parameter space where such scenarios occur. However, such an analysis poses nontrivial tech-
nical problems, since the dimorphic population equilibrium is not known in closed form, so that
model (6, 7) is actually a differential algebraic system, for which algorithms for the numerical
solution of boundary-value problems are not yet fully developed (Ascher and Spiteri, 1994). Such
algorithms are needed for the continuation of heteroclinic bifurcations (saddle to saddle connec-
tions) like those present in our model. Indeed, if one would like to determine the boundary of the
region in parameter space where the branching-extinction evolutionary cycle exists, one should
produce through numerical continuation the parameter combinations for which the unstable mani-
fold of the saddle pointB (trajectory BX∗) coincides with the stable manifold of the saddle point
C2 (see Fig. 2).
Despite these technical difficulties, we checked, by means of extensive numerical integration
of model (6, 7) for various parameter settings, that the branching-extinction evolutionary cycle of
Fig. 2 is structurally stable and present in wide ranges of environmental and demographic parame-
ters. Thus, our conclusion is that branching-extinction evolutionary cycles are robust evolutionary
attractors and their detection is of crucial importance for fully understanding evolutionary dynam-
ics.
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